Biodiesel is a very attractive, biodegradable, renewable, and virtually nontoxic form of fuel. It is derived through base-catalysed transesterification of vegetable oils or animal fats. Analysis of biodiesel has become relevant, since the higher quality of the fuel is a key factor in commercialisation and market acceptance. The analytical methods employed are being constantly improved to meet this requirement. The most popular techniques for analysis of biodiesel include mainly chromatography and molecular spectroscopy. FTIR infrared spectroscopy is one of the most important spectroscopic techniques.
Introduction
The development of combustion engines is associated with the use of crude oil as an energy source. For more than a hundred years of the history of motorization, hydrocarbon fractions from crude oil have served as the only fuel. Crude oil is still the most important energy source with a powerful impact on the political and economic situations in many countries worldwide. However, the modern world has realised both the possibility of rapid depletion of oil resources and the serious ecological threat, i.e., CO 2 emissions, which are strongly related to the use of various types of vehicles. This has become a driving force behind many research programs focused on the search for fuels that would partially or entirely replace conventional fuels derived from crude oil and pose only an inconsiderable threat to the natural environment [1] [2] [3] . An important role is played by fuels produced from renewable sources, i.e., biofuels, with currently the most attractive biodiesel defined as fatty acid methyl esters (FAME) [4] . The use of FAME as a fuel for compression-ignition engines or as a component of diesel fuel substantially changes the properties of the fuels currently used in this type of engine. The different chemical structures of FAME and hydrocarbons contained in the diesel fuel largely determines the behaviour of the two products in the engine chamber and in storage.
Any vegetable or animal fats can be used as a raw material for production of biodiesel [5] [6] . Currently, edible vegetable oils [7] , e.g., rapeseed, sunflower [8] , soybean [9] , and palm oils, are most commonly used for biodiesel production. However, the use of these first-generation raw materials does not solve the major problems associated with reduction of CO 2 emissions, but considerably exacerbates food market problems [10] [11] [12] . Therefore, attention is currently focused on secondgeneration raw materials: oils from inedible plants such as algae and microalgae [13] , Jatropha [14] , or waste cooking oils (WCO) [1, 15] from households and restaurants.
WCO [4, [16] [17] [18] [19] is regarded as the most promising raw material for biodiesel production [4] [5] 16] , as indicated by two major factors: its wide availability and low cost [20] . The amount of WCO generated by households and restaurants is increasing rapidly as consumption grows. The United States alone generates approximately 10 million tons of WCO annually, which requires economically and environmentally friendly disposal methods; utilisation thereof as a raw material in biodiesel production is one such method [10] . The low cost of obtaining WCO may help to overcome a major barrier in the development of biodiesel production -the ca. 1.5-fold higher production cost in comparison with the cost of conventional diesel production. A number of studies have shown that approximately 70-75% of biodiesel production cost is accounted for by raw materials [21] . The price of WCO is two to three times lower than that of crude vegetable oils, which reduces the cost of biodiesel production. The lower cost of waste disposal should also be underlined [5] .
The chemical and physical properties of WCO differ from the properties of fresh oil due to the changes occurring during the frying process [11] , when high temperatures (170-190ºC) in the presence of oxygen and water contained in the fried food cause many physical and chemical transformations in the food and the frying medium. These transformations can result in the synthesis of a number of various compounds, often exhibiting a complex and not always specified structure, e.g., free fatty acids (FFA) [11, 22] . Furthermore, the presence of solid substances in the products and water contained in the fried products or introduced through washing may constitute a problem. The fatty acid [23] [24] profile and the composition of free fatty acids contained in the raw materials exert an effect on the physicochemical properties of produced biofuels. Water, impurities [25] [26] , and unsaponifiable matter reduce the yield of the transesterification reaction and, consequently, the quality of the biofuel. The use of WCO as a raw material for biodiesel production necessitates the application of adequate technologies with pre-treatment processes and a selection of appropriate transesterification parameters. The products obtained should be monitored with appropriate techniques, e.g., FTIR infrared spectroscopy [27] [28] [29] , which is one of the most effective methods [2] .
The aim of the investigations presented in this paper was to show and compare the physico-chemical properties of WCO-derived methyl esters, which can be used as biofuels (both as fuels and as additives to diesel fuels) [30] . The main objective of the study was to compare the selected WCO-derived esters with those obtained from pure vegetable oils and commercial ester with the use of electronic absorption spectroscopy and analysis of FTIR infrared spectra. The investigations were divided into two parts: the first part focused on analysis of the products to determine the content of esters, methanol, and glycerol [6, 8, [31] [32] ; the second part involved spectroscopic analysis [33] -primarily infrared spectroscopy (FTIR).
Materials and Methods

Materials
The analyses were carried out on fatty acid methyl esters derived with laboratory methods from fresh oils, waste cooking oils (WCO [21] ), and waste animal fats as well as commercial biodiesel B100 meeting the requirements of the EN 14214:2006 standard. The following raw materials were used: 1. Refined sunflower oil [8] . 2. Refined sunflower oil subjected to five cycles of frying of potato chips; a single cycle consisted of heating the oil to 180ºC and frying the product. 3. Refined sunflower oil subjected to five cycles of frying fish "fingers"; a single cycle consisted of heating the oil to 180ºC and frying the product. 4. Refined sunflower oil subjected to five cycles of heating in similar conditions to those characteristic for the frying process in small catering premises; a single cycle consisted of heating the oil to 180ºC followed by maintaining this temperature for 10 min and cooling the oil to room temperature. 5. Degummed and filtered rapeseed oil extracted by mechanical pressing. 6. Waste animal fats provided by a slaughterhouse; the fats were melted by slow heating to 60ºC (under reduced pressure to avoid degradation); in order to remove residues, the melted fats were filtered, centrifuged, and decanted. The raw materials were subjected to the process of esterification in a 1,000-ml laboratory reactor with regulation and stabilisation of the jacket temperature. The reaction time and stirring rate were determined experimentally or taken from the literature [15, 23, 30, 34] .
The reaction was carried out at 55°C. When the oils reached the intended temperature, a catalytic mixture consisting of methanol and NaOH was added to initiate the transesterification reaction. During the reaction, the mixture was stirred with a mechanical stirrer for 2 h. Subsequently, the mixture was subjected to 8 h sedimentation for complete separation of glycerol and esters. The esters were rinsed twice with hot water (80ºC) and dried to remove alcohol and catalyst residues.
All esters were evaluated for their peroxide number (PN) (PN -ISO 3960), acid number (AN) (PN -ISO 660), and the composition of higher fatty acids. Fatty acid composition was determined by using the gas chromatography method. Chromatographic separation was carried out using a gas chromatograph with nitrogen as a carrier gas, a packed column (2.5 m with the PEGA stationary phase of polyethylene glycol adipate on a GAZ-ChROM-Q carrier), and a flame ionisation detector.
Methods
Electronic Absorption Apectroscopy (UV-Vis)
Electronic absorption spectra were recorded at 23ºC on a double-beam UV-Vis spectrophotometer Cary 300 Bio (Varian, USA) equipped with a thermostatted cuvette holder with a 6x6 multi-cell Peltier block. The temperature was controlled with a thermocouple probe (Cary Series II, Varian, USA) placed directly in the quartz cuvette. The spectra were recorded from 200 to 600 nm.
FTIR Measurements
The measurements of ATR-FTIR background-corrected spectra were carried out in solvents using an HATR Ge trough (45° cut yielding 10 internal reflections) crystal plate for liquids and were recorded with a 670-IR spectrometer (Varian, USA). Typically, 25 scans were collected, Fourier-transformed, and averaged for each measurement. The IR absorption spectra at a resolution of one data point per 1 cm -1 were obtained in the region between 4,000 and 400 cm -1 . The instrument was purged with argon for 40 min before and during the measurements. The Ge crystal was cleaned with ultra-pure organic solvents (Sigma-Aldrich Co.). All experiments were carried out at 20ºC.
Results and Discussion
FTIR is commonly used for analyzing carbonyl compounds and determination their presence in petroleum products [35] . The potential of the application of the technique for determining FAME content in diesel fuel has been evidenced in the literature. It is associated with the fact that absorption in the C=O [36] [37] carbonyl group band (1,700-1,800 cm -1 ) in hydrocarbon fractions is relatively low or absent, whereas absorption of FAME in this region is very intense.
Esters produce characteristic, very strong absorption bands generated by C=O and C-O valence vibrations. The C=O absorption band of saturated aliphatic esters is in the range of 1,735-1,750 cm -1 [24, [38] [39] . Aryl and α,β-unsaturated structures cause its slight shift towards lower wavenumber values (1,715-1,730 cm -1 , [39] ). C-O stretching vibrations lead to the appearance of a broad 1,100-1,300 cm -1 band, which can also be observed in the spectra of ethers, acids, and alcohols [7, 24, 39] . The methyl esters of long-chain fatty acids exhibit three absorption bands: 1,250, 1,205, and 1,175 cm -1 [24, 40] . The band at 1,175 cm -1 in this range is most visible in the FAME spectrum. The other bands observed in the FTIR spectrum are typical of the hydrocarbon chain structures present both in FAME and diesel fuel [40] [41] : Stretching vibrations of the C-H bond: the methyl group (ν CH 3 ) at wavelengths of ca. 2,870 and 2,965 cm -1 and the methylene group (ν CH 2 ) at wavelengths of ca. 2,850 and 2,925 cm -1 (symmetric and asymmetric, respectively, in both cases) [24, 42] . Deformation vibrations of the C-H bond: the methyl group (δ CH 3 ) at wavelengths of 1,375 and 1,450 cm -1
(1,438 cm -1 in compounds with a carbonyl group) and the methylene group (δ CH 2 ) at wavelengths of 1,465 (scissoring vibrations) and 721 cm -1 (rocking vibrations) [43] . The appearance of bands at a wavelength range of 1,700-1,800 cm -1 in the hydrocarbon fraction of diesel fuel (not comprising FAME) may indicate the presence of oxidation products (aldehydes, ketones, carboxylic acids) or the presence of some oxidation inhibitors, e.g., imides. The weak absorption at the 1,750 cm -1 wavelength in the case of some diesel fuels may be attributed to the presence of low amounts (ca. 1%) of depressants [44] (polymers with carbonyl groups). The probability of appearance of these carbonyl compounds is usually very low, in particular in high-quality fuels, but their presence can pose analytical difficulties in determining FAME in petroleum products [24] .
In summary, despite the drawbacks mentioned above, the band at a wavelength of 1,750-1,740 cm -1 was regarded as the most optimal for identification and quantitative analysis of FAME in medium petroleum fractions [45] and lubricating oils [42] . Fig. 1 presents electronic absorption spectra for rapeseed oil methyl esters (Panel A), methyl esters of heated and non-heated sunflower oil (Panel B), and B100 solved in methanol (Panel C). The position of absorption peaks centred at ca. 270 nm for all the analysed oils (277 nm for rapeseed oil methyl esters, 279 nm for methyl esters of heated and non-heated sunflower oil, and 281 nm for B100) indicates an n→π* electron transition in the carbonyl group (C=O) [36, 46] . The presence of a broad absorption region located between 360 nm and 510 nm in the B100 electron absorption spectra, which is not visible in the case of the other analysed esters, is worth noting. The region between 360 nm and 510 nm appearing only in the case of B100 may be associated with the presence of various types of additives present in these fuels, i.e. synthetic or natural compounds, e.g. biocides [46] . The clear band at 314 nm may indicate the presence of small amounts of various types of additives or other impurities in the rapeseed oil methyl esters, while the analysed sunflower oil methyl esters are virtually devoid of such additives (Fig. 1, Panel B) . Similar analyses performed for other types of esters (data not shown) show that their properties are comparable to those of sunflower oil methyl esters (Fig. 1, Panel A) . Fig. 2 shows ATR-FTIR spectra of the analysed esters. The samples were deposited on a ZnSe crystal and evaporated in N 2 atmosphere. It should be strongly emphasised that infrared spectroscopy methods are more frequently used by researchers for assessing the quality of new biofuel forms [29, [38] [39] [47] [48] . FTIR spectroscopy reveals characteristic spectral regions that provide an undeniable description of vibrations of functional groups demonstrating the quality of the analysed product [2, [28] [29] 33] , as well as the molecular interactions between compounds and additives contained in the product [2, 47, 49] . The research methods employed in the study (in particular FTIR) allow for rapid comparison of the selected esters with commercially available biofuels [50] .
A C=O group band with a maximum at ca. 1,742 cm -1 (1,743 cm -1 for the rapeseed oil methyl esters) can be seen for all the analysed esters [37] [38] . Noteworthy are the distinct differences in the shape of the bands at 1,770-1,670 cm -1 in the spectrum of the heated and nonheated sunflower oil methyl esters (Fig. 2, Panel B) . In the case of the non-heated sunflower oil methyl esters there is a decline in the intensity of the band at 1,742 cm -1 responsible for the C=O group vibrations, in comparison with the esters from the heated oil. Concurrently, a band at 1,713 cm -1 appears, which is absent for the heated oil esters and which can be assigned to the formation of hydrogen bonds between groups C=O … H-O-H [7] . No band at 1,713 cm -1 is observed either in the B100 spectrum or in the spectrum of the rapeseed oil methyl esters, which may suggest that no such structures are formed. Simultaneously with the decline in the intensity of the band at 1,742 cm -1 in the sunflower oil methyl esters and the appearance of a band at 1,713 cm -1 , there is a clear increase in the intensity of the band at 1,030 cm -1 , which is attributed to stretching vibrations in the C-O group [7] . This band is also visible in the spectrum of the rapeseed oil methyl esters; it exhibits the weakest intensity in the B100 spectrum, which results in the greatest intensity of the carbonyl group band in these spectra. The 1,100-1,300 cm -1 region also corresponds to the stretching vibrations of the C-O group and exhibits slight changes in the analysed esters and B100. The decrease in the affinity for hydrogen bonding between C=O ...
H-O-H is
accompanied by a slight increase in the intensity of these bands. A similar relationship is also evident in the case of B100. Attention should be paid to the very interesting region between 3,660 and 3,080 cm -1 , with a peak at ca. 3,350 cm -1 evoked by the high content of methanol ( Table 2 ) and H 2 O in a majority of the analysed esters. The water content in the analysed samples may imply the presence of different impurities contained therein [43] (small amounts of water that may affect the work of engines). The intensity of this region decreases with the declining methanol content in the esters and has the lowest value in B100. Importantly, the intensity of this region in the sunflower oil methyl esters decreases depending on whether the esters are subjected to the heating process or not.
These investigations of the content of free glycerol [42] in the analysed esters (Table 1) show its decline in the non-heated sunflower oil, heated sunflower oil, and B100, which exhibited the lowest amounts of the compound. A similar relationship regarding methanol content is visible in the analysed esters (Table 1) ; this correlates well with the decreasing intensity of the band at 3,352 cm -1 [7] . The total content of esters in the analysed samples and the content of linoleic acid methyl esters (Table 1 ) also correlated well with the level of band intensity at , i.e., its intensity decreased with the increasing content of both components.
Conclusions
The aim of these investigations was to present the potential application of FTIR infrared spectroscopy for analysis of the quality of fatty acid methyl esters used as a fuel in combustion engines. The study mainly focused on methyl esters derived from WCO. The results were compared with the spectra of commercially available esters (B100), which meet the requirements of the EN 14214 standard. Moreover, the results obtained were compared with literature data; therefore, it will be possible in subsequent studies to carry out a rapid analysis of the quality of derived biofuels and waste by-products. 1. In the analysis of UV-Vis and FTIR infrared spectroscopy spectra, we investigated several important spectral regions that provided information about the suitability of the WCO-derived esters to be used as a biofuel in combustion engines. 2. A very important finding of the presented spectroscopic studies is the fact that FTIR infrared spectroscopy offers a rapid and cost-efficient analysis of the quality of potential biofuels. It should also be underlined that both UV-Vis and FTIR studies provide a clear answer to the question of the quality Table 2 . Position of peaks of absorption bands with assignment of corresponding vibrations in the analysed biofuels (rapeseed oil methyl esters, heated and non-heated sunflower oil methyl esters, and commercial esters) in the spectral range of 3,700-900 cm -1 . Spectroscopic Studies of the Quality... of the investigated WCO-derived biofuels. Noteworthy is the fact that the components subjected to spectroscopic analysis seem to have comparable properties to those of the preparations used (biofuels). These investigations also suggest that in the near future biofuels may become a profitable and ecological alternative to the diesel biofuels used currently, which will be addressed in our next papers.
